Persistent virus infections are a major threat to global human health. The capacity of viruses, including HIV and hepatitis C virus, to overwhelm or subvert host immune responses contributes to a prolonged state of dampened antiviral immune functionality, which in turn facilitates viral persistence. Recent efforts have focused on therapeutics that can restore the effector functions of these functionally exhausted virus-specific T cells in order to expedite viral clearance.
Here we establish that natural killer (NK) cells actively contribute to immune dysfunction and viral persistence at later stages of infection. This previously undescribed mechanism of immune suppression during chronic infection provides a vital clue for the design of novel therapeutic strategies targeting NK cell immunosuppressive activity in order to restore immune function and enhance viral control in chronically infected individuals. P ersistent infections with HIV, hepatitis B virus (HBV), and hepatitis C virus (HCV) are major threats to human health. A number of host and viral mechanisms cooperate to suppress effective antiviral immunity and facilitate viral persistence during these types of infections. An important focus of ongoing research concerns the targeting of specific host immunosuppressive factors in order to reinvigorate the immune response. In murine models of persistent lymphocytic choriomeningitis virus (LCMV) infection, the blockade of interleukin-10 (IL-10) (1, 2) or programmed death 1 (PD-1) (3) signaling can enhance LCMV-specific T cell responses and enable improved control of virus infection. In large part, these mechanisms may have evolved to protect the host from an overexuberant immune response, as evidenced by the severe immunopathological diseases associated with complete ablation of PD-1 or its ligands during LCMV infection (3, 4) .
Immune suppression during later stages of persistent LCMV infection has been attributed in part to the expansion of particular innate immune suppressor cells, including myeloid tissue-derived suppressor cells (5) and IL-10-expressing antigen-presenting cells (6) . Recent work by our group and others has suggested that natural killer (NK) cells can act at a very early stage of LCMV infection to curtail the development of a protective and potentially pathogenic population of virus-specific T cells (7) (8) (9) . It was proposed that NK cells lysed CD4 (7) or CD8 (8) T cells during the initial days of infection, when type I interferon (IFN) was prevalent and when the NK cells were thus cytolytically activated. This resulted in a weaker antiviral T cell response that could not effect viral clearance (7) (8) (9) or cause fatal immune pathology (7) .
The potential link between type I IFN expression and NK cellmediated suppression of antiviral T cell responses (7, 8) is notable given the relationship between an elevated type I IFN signature and disease pathogenesis during chronic infections. In contrast to rhesus macaques, which develop an AIDS-like syndrome after simian immunodeficiency virus (SIV) infection, reduced IFN-associated inflammation is associated with modest disease in either sooty mangabeys or African green monkeys (10, 11) . Progression of HIV infection has also been linked to both type I IFN (12) and expression of particular NK cell receptors (13) . Similarly, the activation state of NK cells and type I IFN have been linked to both chronicity of HCV infection and refractoriness to antiviral therapy (14, 15) . Recently, two groups demonstrated that blockade of type I IFN signaling during persistent LCMV infection in mice could facilitate viral clearance (16, 17) . If type I IFN contributes to maintenance of persistent LCMV infection, and in consideration of our previous findings that IFN activates NK cells in the LCMV system (18), we reasoned that perhaps IFN-activated NK cells continue to contribute to immune dysfunction and viral persistence at later time points of infection.
MATERIALS AND METHODS
Mice. C57BL/6 mice were purchased from The Jackson Laboratories (Bar Harbor, ME). IL-21 receptor knockout (IL-21R KO) mice on a C57BL/6 background were obtained from Warren Leonard (19) . Male mice at 6 to 12 weeks of age were routinely used for experiments. Mice were maintained under specific-pathogen-free conditions, and experiments were conducted in compliance with guidelines approved by the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School (UMMS).
Virus infections and in vivo cell depletion. The clone 13 variant strain of LCMV was titrated by plaque assay on Vero cells after propagation in baby hamster kidney BHK21 cells (20) . Mice were infected intravenously (i.v.) via the lateral tail vein with 2 ϫ 10 5 to 5 ϫ 10 5 (medium dose), 2 ϫ 10 6 (high dose), or 4 ϫ 10 6 (very high dose) PFU of LCMV. To selectively deplete NK cells, mice were injected intraperitoneally (i.p.) once or twice with 25 g of anti-NK1.1 monoclonal antibody (MAb) (PK136) or a control mouse IgG2a produced by Bio-X-Cell (West Lebanon, NH), as previously described (7) . Mice were depleted of CD4 T cells by i.p. injection of 200 g of anti-CD4 (GK1.5), produced by Bio-X-Cell, at days Ϫ1 and ϩ1 of infection.
Peptides. T-cell epitopes encoded by LCMV included NP 396 -404 (FQ PQNGQFI), GP [33] [34] [35] [36] [37] [38] [39] [40] [41] (KAVYNFATC), GP 61-80 (GLKGPDIYKGVYQFK SVEFD), and GP 276 -286 (SGVENPGGYCL). Peptides were purchased from 21st Century Biochemicals and purified by reverse-phase high-pressure liquid chromatography (HPLC) to 90% purity.
Antibodies and fluorescence-activated cell sorter (FACS) analysis. Fluorochrome-tagged antibodies were purchased from BD Biosciences (San Jose, CA), eBioscience (San Diego, CA), and BioLegend (San Diego, CA). Data collection was performed on an LSR II cytometer (BD Biosciences) equipped with FACSDiva software, and data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Lymphocyte preparation and intracellular cytokine assay. Singlecell leukocyte suspensions were prepared from spleens or peripheral blood and plated at up to 2 ϫ 10 6 cells per well in 96-well plates. Cells were stimulated for 5 h at 37°C with either 1 M viral peptide or 2.5 g/ml anti-CD3 antibody (BD Biosciences) in the presence of brefeldin A and 0.2 U/ml recombinant human IL-2 (rhIL-2). Statistical analysis. Results are routinely displayed as means Ϯ standard errors of the means (SEM), with statistical differences between experimental groups determined using the Mann-Whitney U test, in which a P value of Ͻ0.05 was deemed significant. The limit of detection in viral plaque assays was a log 10 PFU value of 1 for the spleen and 2 for other organs. Viral titers below the limit of detection were assigned a "less than" value. Therefore, statistical analyses including viral infectivity determinations below the level of detection will undervalue the true difference between groups. Data are presented as geometric mean titers, which are the arithmetic means of the log 10 viral titers. Graphs were produced and statistical analyses were performed using either Microsoft Excel or GraphPad Prism (San Diego, CA).
RESULTS
Timing of NK cell immunoregulatory activity. We previously reported that whereas a high dose of LCMV clone 13 established a persistent infection associated with clonal exhaustion of T cells, a medium dose resulted in severe T cell-mediated immune pathology (7) . NK cell depletion prior to infection enhanced T cell responses at both doses, resulting in more rapid clearance of virus and less pathology at the medium dose but, paradoxically, lethal immune pathology at the higher dose, probably due to the failure of the elevated T cell response to be exhausted. Notably, while delayed depletion of NK cells on day 2 or 3 of medium-dose infection could still enhance LCMV-specific CD8 T cell responses measured on day 15 postinfection (p.i.), depletion at day 4 or 5 of infection had little, if any, effect (7) . Others have similarly observed that NK cell suppression of LCMV-specific CD4 T cells occurred prior to day 4 of infection (9) .
Nonetheless, we show here that delayed depletion of NK cells with anti-NK1.1 antibody on day 4 or 5 after infection with a medium dose of LCMV clone 13 still resulted in a substantial (120-fold) reduction in splenic viral load at day 15 of infection compared to that in control mice treated with isotype control antibody ( Fig. 1A) , despite the absence of an apparent effect on LCMV NP 396 -404 -specific CD8 T cell responses (Fig. 1B) . In addition, NK cell depletion at any point during the first 5 days of infection alleviated the severe weight loss normally caused by the immunopathological T cell response to medium-dose LCMV clone 13 infection. This reduced pathology was most pronounced in mice depleted of NK cells during the initial 2 days of infection but was still apparent in those depleted at day 3, 4, or 5 of infection (Fig. 1C) . Taken together, these experiments using a medium dose of virus demonstrated that NK cells may continue to play an additional yet less prominent role in viral pathogenesis beyond the first few days of infection.
Delayed NK cell depletion improves control of persistent LCMV infection. The fact that NK cells continued to impair viral control at later times of medium-dose LCMV clone 13 infection suggested a possible role for NK cells in the maintenance of viral persistence during infection with a high dose of virus, which normally causes a persistent infection due to substantial T cell clonal exhaustion. In order to assess whether NK cells supported sustained virus replication during persistence, we first attempted to deplete NK cells at a time point of high-dose LCMV clone 13 infection (day 10) just subsequent to the clonal exhaustion and depletion of virus-specific T cells (21, 22) . Remarkably, administration of anti-NK1.1 antibody at days 10 and 13 of high-dose infection caused a 10-fold reduction in levels of viremia at day 15 p.i. relative to those in isotype control-treated mice ( Fig. 2A) . This enhanced control of virus replication was maintained at least 10 to 20 days after the last administration of NK cell-depleting antibody. Thus, NK cells continue to suppress viral control late in high-dose LCMV clone 13 infection, and depletion of NK cells has a therapeutic benefit.
Late NK cell depletion is less pathogenic than early NK cell depletion. Of particular concern to the concept of therapeutic NK cell depletion is our previous observation that the early depletion of NK cells prior to high-dose LCMV clone 13 infection resulted in severe immunopathology and heightened mortality during the second week of infection (7) . In contrast, therapeutic depletion of NK cells at days 10 and 13 of high-dose LCMV clone 13 infection did not result in either death or increased weight loss. In fact, NK cell-depleted mice had gained more weight than control mice 3 to 4 weeks after anti-NK1.1 antibodies were administered (Fig. 2B) .
Therapeutic removal of NK cells enhances control of established persistent infection. Three weeks after infection with a high dose of LCMV clone 13, viral persistence is firmly established, coincident with virtually undetectable CD8 T cell responses to the D b -restricted NP 396 -404 epitope of LCMV and highly dysfunctional CD8 T cell responses to other viral epitopes in regard to cytokine production (21, 22) 
5 Ϯ 0.015 ϫ 10 5 NK cells; P ϭ 0.00086). Viral load was reduced 14-and 16-fold in the spleen and liver, respectively, of therapeutically NK cell-depleted mice relative to isotype-treated mice 10 to 12 days after administration of a single inoculation of depleting antibody (Fig. 2C) . Furthermore, single injections of NK cell-depleting antibodies could be administered at very late time points, i.e., 28 to 31 days after infection, and still cause 11-to 29-fold reductions of viral loads in the spleen and serum 2 weeks after therapy onset relative to those in control mice (Fig. 2D) . Notably, viral titers were also reduced 11-fold in the kidneys, a tissue where LCMV clone 13 usually persists indefinitely (23) .
Control of LCMV replication is predominately mediated by class I major histocompatibility complex (MHC)-restricted virus-specific CD8 T cells (24) . In line with the reduced levels of replicating virus after NK cell depletion therapy, we observed an increase in the frequency of D b -restricted LCMV GP 33-41 -specific CD8 T cells in the blood and spleen of therapeutically NK cell-depleted mice relative to isotype-treated mice at days 41 to 44 of infection, 12 to 14 days after the onset of therapy (Fig. 3A and B) . The responses of CD4 T cells specific for the I-A b -restricted LCMV GP 61-81 epitope were marginally increased after therapeutic NK cell depletion, but the total number of IFN-␥-producing CD4 T cells in response to anti-CD3 stimulation was more dramatically enhanced (Fig. 3C) . Together, these studies suggest that NK cells continue to suppress LCMV-specific T cell responses and viral control at very late time points of persistent infection.
Effect of NK cell depletion is sensitive to virus dose and degree of exhaustion. In contrast to our findings, a recent report suggested that depletion of NK cells at day 4, 7, 11, or 14 of high-dose LCMV clone 13 infection had no measurable effect on virus-specific T cell numbers as measured by cytokine production (9) . In total, we detected measurable increases in virusspecific T cell responses and reduced viral loads as a result of therapeutic NK cell depletion in 10 independent experiments. Nevertheless, in three experiments, we observed that the effects of NK cell depletion at late time points of infection were minimal or statistically insignificant with regard to either viral bur- ., viral titers in the spleen were determined. Values below the lower limit of detection (log 10 PFU ϭ 1.0; dotted line) were assigned a "less than" value. *, P Յ 0.05 versus nondepleted group. (B) Numbers of splenic IFN-␥ ϩ TNF ϩ LCMV NP 396 -404 -specific CD8 T cells were determined at day 15 p.i. by intracellular cytokine staining. *, P Յ 0.05 versus nondepleted group. TNF, tumor necrosis factor. (C) Body weight was measured daily, and three patterns of weight loss were observed. The mean % of initial body weight was graphed as a function of time for nondepleted mice (black line; n ϭ 3) and for pooled (phenotypically) groups of mice depleted at very early (day Ϫ1 [DϪ1], Dϩ1, or Dϩ2) (red line; n ϭ 8) and later (Dϩ3, Dϩ4, or Dϩ5) (blue line; n ϭ 9) times of infection. **, P Յ 0.01 versus nondepleted group; #, P Յ 0.05 versus Dϩ3 to Dϩ5 group; ##, P Յ 0.01 versus Dϩ3 to Dϩ5 group. Data are presented as means Ϯ SEM and are representative of two independent experiments. den or virus-specific T cell responses (data not shown). In these cases, virus-specific cytokine-producing T cell responses appeared weaker than those in typical high-dose LCMV clone 13-infected mice at similar time points. For example, the frequency of splenic LCMV-specific IFN-␥ ϩ CD8 T cells on day 40 p.i. was higher in a nondepleted group of control mice (2.2 ϫ 10 4 Ϯ 0.58 ϫ 10 4 GP 33-41 -specific IFN-␥ ϩ CD8 T cells) from an experiment where NK cell depletion enhanced viral control than in the control group (1.3 ϫ 10 4 Ϯ 0.46 ϫ 10 4 GP 33-41 -specific IFN-␥ ϩ CD8 T cells) from an experiment where there was no measurable benefit of NK cell depletion.
To determine whether experimental variation in viral load could affect the efficacy of NK cell depletion-based therapy, we first examined whether the inoculum dose could be increased to overcome the effects of NK cell depletion. In agreement with our previous work (7), intravenous infection with a normally nonlethal high dose (2 ϫ 10 6 PFU) of LCMV clone 13 caused substantial weight loss that was more severe if NK cells were depleted at the time of infection, resulting in 66% mortality (Fig. 4A) . We show here that increasing the original virus inoculum further, to 4 ϫ 10 6 PFU, overcame the effects of NK cell depletion, resulting in weight loss that was comparable to that of isotype-treated mice, as well as 100% survival (Fig. 4B) . These features were likely related to the increased degree of functional exhaustion (data not shown) of virus-specific CD8 T cells at the higher inocula. Based on these findings, we compared the efficacies of NK cell depletion therapy during persistent infection with a high (2 ϫ 10 6 PFU) or very high (4 ϫ 10 6 PFU) dose of LCMV clone 13. Whereas depletion of NK cells at day 10 of high-dose infection resulted in reduced viral burdens in the serum (Fig. 4C) and spleen (Fig. 4D ) at day 31 p.i., the same regimen given after very-high-dose infection had little effect on viral control. Notably, the ability of NK cell depletion to effect a reduction in viremia was inversely correlated with the levels of viremia at the time of NK cell depletion in a group of mice infected with 2 ϫ 10 6 PFU of virus (Fig. 4E) . Thus, the value of therapeutic depletion of NK cells in enhancing control of persistent virus infection may depend on viral burden and the extent of immune exhaustion. Potential role for CD4 T cells in NK cell depletion therapy. Enhancement of LCMV-specific CD8 T cell responses and immunopathology after high-dose LCMV clone 13 infection in the absence of NK cells was shown by us to be dependent on CD4 T cells (7) . To examine whether CD4 T cells were required for therapeutic NK cell depletion-mediated enhancement of LCMV-specific CD8 T cell responses and viral control, mice were depleted of CD4 T cells by use of an antibody to CD4 and then given high-dose LCMV clone 13. At days 26 to 29 p.i., mice were given either FIG 4 Effect of NK cell depletion is sensitive to size of LCMV inoculum. C57BL/6 mice (n ϭ 3 or 4/group) were depleted of NK cells or treated with isotype control antibody 1 day prior to infection with a high (2 ϫ 10 6 PFU) (A) or very high (4 ϫ 10 6 PFU) (B) dose of LCMV clone 13 i.v. Body weight and survival were monitored for 11 days. (C and D) Mice (n ϭ 5/group) were infected for 10 days with a high (2 ϫ 10 6 PFU) or very high (4 ϫ 10 6 PFU) dose of LCMV clone 13 prior to isotype control treatment or administration of anti-NK1.1 antibody. At day 31 p.i., 21 days after treatment, viral titers in the sera (C) and spleens (D) of these mice were determined. (E) For a group of mice infected with the high (2 ϫ 10 6 PFU) dose of LCMV clone 13, viral titers in sera just prior to depletion of NK cells (day 10) were plotted against the % reduction in viral titers in sera 21 days later (endpoint viral titer/initial viral titer ϫ 100 ϭ % reduction), revealing an inverse relationship between these parameters.
anti-NK1.1 or an isotope control i.p. In contrast to NK cell depletion in CD4-replete mice, NK cell depletion did not enhance LCMV-specific CD8 T cell responses (Fig. 5A ) or viral control (Fig. 5B ) in mice infected with a high dose of LCMV clone 13 in the absence of CD4 T cells.
DISCUSSION
A number of studies have now demonstrated that NK cells at a very early stage of infection, when they are highly activated by high levels of IFN and other cytokines, can suppress antiviral T cell responses (reviewed in reference 25). Here we describe a role for NK cells in continuing to impair virus-specific T cell responses and viral control well after viral persistence has been established. In fact, depletion of NK cells in mice persistently infected with LCMV represents a viable therapeutic approach to reinvigorate virus-specific T cell responses and reduce viral burdens. In contrast to the fatal disease associated with depletion of NK cells at the onset of high-dose LCMV clone 13 infection (7), delayed depletion of NK cells during established persistence did not result in exacerbated morbidity and mortality. This suggests that NK cell depletion therapy may be a safe approach to increase immune function. This parallels recently published studies showing that early blockade of type 1 IFN activity enhanced viral loads but blockade of IFN activity later on, during persistence, reduced viral loads (16, 17) .
Whereas removal of immunoregulatory NK cells seemed to be a safe and effective strategy to enhance immunity during persistent infection, the success of this approach was dependent upon the severity of immune dysfunction. Functional exhaustion of virus-specific CD8 T cells during LCMV infection is a consequence of persistently high levels of viral antigen (26, 27) . CD4 T cells can act to sustain virus-specific CD8 T cell function under conditions of high virus load (28) , and this activity involves production of the cytokine IL-21 (29) (30) (31) . In this study, immune dysfunction was amplified by increasing the viral burden via a very high inoculum of virus or through elimination of CD4 T cells. Under these conditions, NK cell depletion by itself was no longer an effective means of enhancing immune-mediated control of LCMV infection. Furthermore, our preliminary data indicate that NK cell depletion of IL-21 receptor-deficient mice infected with a high dose of LCMV clone 13 also did not enhance LCMV-specific CD8 T cell responses or reduce the viral burden in the spleen (data not shown). Thus, CD4 T cells and IL-21 are important components of the ability of NK cell depletion therapy to enhance control of a persistent virus infection.
In the current study, a relationship was evident between the size of the viral inoculum and the ability of NK cell depletion to enhance immune-mediated control of persistent LCMV infection. Preliminary data indicated that administration of a very high dose of virus was associated with a slightly more pronounced exhaustion phenotype of activated CD8 T cells, i.e., reduced expression of KLRG1 (32) , than that observed after infection with the "normal" high dose of virus (data not shown). A greater degree of exhaustion may have contributed to the negligible immune-enhancing efficacy of NK cell depletion during very-high-dose LCMV infections and could potentially account for differences in the efficacy of this therapeutic regimen among individual mice infected with the normal high dose of LCMV. In this regard, the level of viremia at the onset of NK cell depletion therapy was inversely correlated with the effectiveness of this regimen in enhancing viral control. Although more substantial parallels must be drawn between immune status and the amenability of individual of mice to this therapy, these findings provide a basis from which to explore parameters that may be clinically relevant to the determination of when NK cell depletion would be an appropriate treatment for chronic viral infection.
Recent studies from several groups have highlighted the existence of long-lived NK cells that display characteristics of immunological memory, including more robust responsiveness upon secondary stimulation (33) . Such "memory" NK cells have been postulated to contribute to immunity in the context of cytomegalovirus infections in both mice (34) and humans (35) . The existence of a memory-like population of NK cells in mice persistently infected with LCMV is not known, and if they are present, it might be difficult to distinguish them from activated NK cells in this cytokine-rich environment. Furthermore, our NK cell depletion strategy was sufficient to eliminate NK cells in the liver, which is a reservoir for putative NK memory cells, so if they were there, they should still have been depleted by our approach.
NK cell depletion during persistent LCMV infection likely enhances the proliferation or antiviral activity of a population of partially exhausted virus-specific T cells. Our data are consistent with but do not fully prove the hypothesis that the NK cell inhibi- C57BL/6 mice were either depleted of CD4 T cells (n ϭ 10/group) or treated with isotype control antibody (n ϭ 5/group) at days Ϫ1 and ϩ1 of high-dose LCMV clone 13 infection. At days 26 to 29 of infection, groups of mice were either treated with isotype control antibody or depleted of NK cells. LCMVspecific CD8 T cell responses (A) and viral titers (B) were measured in the spleen. These results were pooled from two independent experiments. tion of T cell functionality is mediated through suppression of CD4 T cell-derived IL-21. Alternatively, CD4 T cells and IL-21 may act separately from NK cells, though we have clearly established that NK cell-mediated lysis of CD4 T cells controls CD8 responses earlier in infection (7) . A separate study recently identified a similar suppressive activity for NK cells at late stages of persistent retrovirus infection (36) . Thus, depletion of NK cells may augment immune-mediated control of a persistent virus infection, with an apparent lack of detrimental health consequences associated with such depletion. This suggests that NK cell depletion or a regimen to inhibit NK cell function could be combined with other therapeutic strategies, including PD-1 or IL-10 blockade (2, 3), which has been shown to be partially effective at clearing persistent LCMV infection.
